Abstract: This paper looks at the problem of placing Static Var Compensators to provide maximum transfer capability for all possible generation mixes. The margin to low voltage limit is one of the quantities used to determine power system transfer capability. A fast method for finding the location of SVC systems that will have the greatest impact on the low voltage margin will be shown. The IEEE 24 bus system will be used to demonstrate this method over a wide range of generation patterns.
Most work in voltage support and transfer capability has been done in reactive power planning [4, 5] . Current work on SVC placement [6] [7] [8] [9] [10] either focuses on load margin to point of collapse (PoC) boundary or oscillation damping as a measure of effectiveness. This work proposes a fast estimation method to judge SVC location base on the available transfer capability (ATC) to low voltage boundary (LVB) [3] . The main feature of this method is that it only needs a solution close to LVB to estimate the results. Without further power flow calculation and system Jacobian inversion, the method is very fast in computation, making it effective to consider many different generation mixes as well as SVC location.
II. FORMULATION OF THE POWER FLOW EQUATIONS
To consider all possible SVC locations in a power system is a formidable task. Traditionally a SVC location is chosen and the power flow equations are solved. The load is increased until a limit boundary is reached. Then, another bus is chosen for the SVC and the process is repeated. The SVC location that enables the maximum power transfer is usually selected. The inclusion of different generation and load mixes makes the problem more formidable.
To achieve this objective, the power flow equations need a particular structure. In this structure each load bus includes a shunt capacitance as a controllable parameter. The generation and load mix are defined by a unit direction vector. This allows for changes in generation and load without changing the mix. Power balance is achieved through a load scaling factor.
The generation mix is defined by a unit direction vector, P gen :
Total generation is defined as gP gen where g is a scalar. The load is also defined by a unit direction vector:
The total load is defined as lS load , where l is a scalar and the "slack" parameter.
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The general power flow equation for an n bus system can be described in complex vector forms as: 
A more systematic approach starts with representing the power flow equations (3) and (4) as a set of algebraic equations:
The vector x denotes the states or dependent variables of the system. It contains the slack variable l and bus voltage magnitudes and angles. The vector denotes the controllable parameters, in this case a shunt capacitance at each PQ load bus. The scalar g denotes the total generation.
If it is assumed that x 0 , 0 ,g 0 are solutions to the power load flow without SVCs, then:
where 0 ≡ 0 . It is now possible to determine changes in the systems states, x, due to small changes in and g. Expanding about the base solution using Taylor-series it follows from (7):
where the Jacobian matrices f x , f , and f g are evaluated at x 0 , 0 ,g 0 . The inverse of f x is the same Jacobian inverse used in the Newton's method and needs to be calculated once for each generation direction. For convenience of notation, equation (8) can be rewritten in terms of sensitivity matrices M and G as:
with
IV. ESTIMATING AVAILABLE TRANSFER CAPABILITY (ATC) TO THE LOW VOLTAGE BOUNDARY (LVB) AFTER A SVC IS INSTALLED
Starting from the initial load flow solution at x 0 , 0 ,g 0 , sensitivity relationships discussed above can be used to estimate the increase in generation margin when a single SVC is added to the system. To approximate the new ATC to LVB, ∆g, estimates of the change in bus voltage V i and the tangent [11, 12] dV i / dg need to be calculated, (see Fig.1 
.).
Using (9) the change in the voltage at the i th and k th buses due to controlling voltage at the k th bus using the parameter k are:
where generation is fixed at g 0 . The components Μ ik and Μ kk of the sensitivity matrix M are the terms that couple the voltages on bus i and k to the control parameter k . From these relationships the sensitivity of the i th bus voltage to change in the k th bus voltage can be expressed as:
An estimate of the voltage at the i th bus, when the voltage at the k th bus is held at 1.0 pu using a SVC, can be expressed as:
The sensitivities of the voltage on the i th and k th buses to small changes in generation and control are necessary to find the change in the tangent, dV i / dg, when there is a SVC on the k th bus. From (9) the voltage sensitivities are:
In (17) the change in voltage on the k th bus is held to zero by the SVC on the k th bus. Equations (16-17) allow the change in the tangent, dV i / dg, to be expressed as:
The change in margin ∆g, to the low voltage boundary for the i th bus, due to a SVC at the k th bus can be approximated using (5), (15) and (18):
where all elements of M and G are evaluated at x 0 , 0 ,g 0 . The change in total generation for the complete system with a SVC at the k th bus is the minimum change in margin. This is defined by the first bus to reach its LVB.
The best placement could be defined as the k location that achieves the maximum ∆g k .
For two SVCs it can be shown that (19) becomes:
where the SVCs are placed on the j th and k th buses and hold both bus voltages at 1 pu.
The boundary increase for the system with SVCs placed at buses j and k is: ( )
Maximum increase in margin is given by
Equation (23) identifies the two SVC locations for maximum increase in power transfer.
V. SVC RATINGS
In the last section methods were presented to estimate the increase in power transfer using SVC(s). In these approximations it was assumed that the SVC(s) could hold the bus voltage to 1 pu at the maximum transfer level. This assumption implies a minimum SVC rating. In some case this value will be too large to be a practical alternative.
Sensitivity methods can again be used to approximate the size of the SVC(s). From (9) the sensitivity of the k th bus voltage to changes in g and m can be expressed as:
The rated pu (per unit) reactive power required to hold bus k at 1.0 pu voltage can be approximated from (24):
where the change in voltage is:
and ∆g = ∆g k as evaluated in (20). Similar relationships can be derived for two or more SVCs.
VI. TEST RESULTS

A. Results consider only one direction
A modified IEEE 24 bus system [13] as shown in Fig. 2 is Fixed generation and load directions are selected, as shown in (1) and (2) . The output ratio between generators is fixed as generation increases. Every bus load ratio is also fixed as total load increases. Starting from zero generation and loading, continuation power flow method [2] is used to increase generation until LVB is reached. Here 0.9 per unit is chosen as the low voltage limit for all buses. At LVB, the lowest bus voltage is 0.9 pu. At this calculated ATC to LVB point, the estimation method is performed first for single SVC placement, using (19), (20) and (25). To compare, traditional method is also used to obtain the exact solution, using continuation power flow and holding the SVC bus at 1 per unit. Results are shown in Table 2 . Column 2 and 3 show the percentage transfer increases over the original level of 3977MW, after a load bus is hold at 1.0 per unit by SVC. Column 4 and 5 show the rating of SVC that is required. Result show that a SVC at bus 9 can increase power transfer by as much as 20% (796MW), with SVC rating of 351MVAR. Note that the bus that reaches its low voltage limit (bus 3) may not be the best place to install a SVC (bus 9).
At the same original ATC to LVB point as in Table 1 , two SVC placement was also estimated as in (21-23). All possible pairs of load buses are estimated with SVCs holding two load bus voltages at 1.0 per unit. Three best pairs are shown in Table 3 . Of all the combinations, the optimal is bus 6 and bus 9. They together will increase ATC to LVB by over 37% (1471MW), with total SVC rating of 5.37 pu (537MVAR).
B. Results consider the generation space
So far, only one direction of generation is considered. Due to the fast speed nature of the estimation method, full generation space can be estimated as well, assuming the load direction is still fixed as before. To visualize the results, generators are divided into three groups. Each generator inside the group has fixed ratio of output to each other. The outputs between groups, however, are selected at all possible combinations. Therefore the direction of three groups will scan a 3-D space. The points of ATC to LVB of all directions will form a surface in 3-D space, as shown in Fig. 4-5 . We call it the original ATC to LVB surface since no SVC is added. The three groups are buses (1,2,7), (13, 15, 16, 23 ) and (18,21,22). Group (13,15,16,23) reaches MW generation limit in some directions. The generation direction is chosen as: When a = b = c = 1 3 , the generation direction is the same as the first example in Table 1 -3. To better illustrate the concept, Fig. 3 draws the first example in 3-D space. In Fig.3 , the partial surface is the original ATC to LVB surface. The one direction of the first example forms a single point on the surface. The line pointing out of the surface shows the surface change due to a SVC at bus 3. Shown also are the projections of the original ATC to LVB point (each axes has 1326MW, totaling 3977MW) and the increased ATC to LVB point with a SVC (12.79% increase) on three axes. Table 4 shows 10 ATC to LVB points of different directions, from evenly chosen a,b,c's in (27). Direction 6 is the same as the example in Table 1 -3 and Fig.3 , totaling a 3977MW generation. Table 4 shows that different directions have different total ATC to LVB. Also the buses that reach their low voltage limit (0.9 pu) are different, as circled by black boxes.
To show the SVC performance over the full generation space, the estimation method was performed at many different ATC to LVB points for SVC at bus 3 and bus 9, as shown in Fig. 4-5 . Fig.4-5 shows the same original ATC to LVB surface (when no SVC is applied), as well as the surface increment due to a SVC at bus 3 and 9 on many different generation directions. Note that the 10 points are not the same as the many points shown in Fig 4-5 . In Fig. 4 , the increment of the ATC to LVB due to a SVC at bus 3 is shown by the lines pointing out of the surface on different generation directions. In Fig. 5 , the increment of the ATC to LVB due to a SVC at bus 9 is shown. Only the increments larger than 10% are plotted in both figures.
Comparing Fig. 4 for a SVC at bus 3, to Fig. 5 for a SVC at bus 9, it shows that generation direction affects the SVC performance as well. While SVC at bus 9 can increase ATC to LVB over wider directions, SVC at bus 3 increases the power transfer more than bus 9 for some generation directions. Generation direction is also a very important factor for choosing SVC locations. To determine the best place for single SVC placement over all directions of the three groups of generators, average of the results is listed in Table 5 for the above evenly chosen 10 directions. Results show that bus 9 is the best place to place a SVC to increase ATC to LVB, followed by bus 3 and 24.
When the fixed relations among generators in each group are relaxed, the full generator space is 10-dimensional. In the 10-D space, averages of results are calculated over 220 evenly selected directions as listed in Table 5 . It shows the best location is bus 8 followed by bus 9 and 3.
Since the selection of direction set will affect the results very much, system planer should determine the set of future generation directions before selection a best place for SVC placement. VII. CONCLUSION This paper gives a potential usage of SVCs for improving power transfer by properly locating and sizing the SVCs. A fast estimate method near LVB is proposed to compute the change in the generation margin and then used to identify the best location of SVCs and the corresponding sizes.
The fast estimation method is able to predict the results obtained from traditional method with a superior speed performance. For a traditional method, it usually assumes a SVC location with a rating, then uses a continuation power flow to increase the generation until system limit boundary. The traditional process involves many power flow iterations. The proposed estimation method was able to predict the results with no further power flow iteration. Thus, the more potential SVC sites are considered, the more CPU time is saved.
The fast estimation makes it easy to consider SVC locations for a wide range of generation mixes.
Also rating is an issue. An optimization method could be used with this estimation to reduce the cost. The cost function could include rating, SVC bus voltage, required margin and generation and load directions.
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